Spin precessions in the stripes of ␣-MnAs films prepared on GaAs͑001͒ are investigated using an all-optical pump-probe method. We find that a large-angle spin precession appears while the stripe width decreases. In addition, the large-angle precession considerably changes the resonance frequency, resulting in a significant decrease in the relaxation time. These changes in the precessional motion are mainly ascribed to the dephasing of the nonuniform spin waves existing at the large-angle precession, as experimentally confirmed by varying the precession angle via tuning pump fluence. Micromagnetic simulations using a single Gilbert damping constant well predict the experimental observations, which verifies the interpretation of the change in the precessional motion.
The study of spin precession in dimensionally restricted ferromagnetic systems is of current interest to elucidate spin excitation and relaxation processes in confined structures. The absorption and dissipation mechanisms in these processes have been extensively investigated using an ultrafast pump-probe technique with excitation by a magnetic field, 1, 2 as well as optical, 3, 4 and current 2, 5 pulses. The spin dynamics can usually be described by the Landau-Lifshitz-Gilbert equation using the phenomenological Gilbert damping constant. The damping constant is crucial to understand the spin dynamics, thus, accurate determination of the damping constant is very important. A large damping constant leads to fast relaxation of spin precession via rapid energy transfer to the lattice or the electron system. For the case of small-angle excitations in weak perturbing fields, the relaxation time is usually inversely proportional to the damping constant. Most experimental results in this regime have used this relationship to determine the damping constant. However, in a confined structure such as a thin film, a stripe, or a dot, and more so in strong perturbing fields, the relaxation behavior must be carefully interpreted because magnetostatic waves or spin waves play a significant role via a variety of mechanisms including multimagnon scattering, 1, 2, 6 dephasing, [7] [8] [9] [10] nonlinear intermodal coupling, 11 mode conversion, 12 spin-wave instability, 13, 14 spin-wave propagation, 15 and nonuniform spin-wave dynamics in nonuniform pulsed fields. 16, 17 In ultrafast precessional switching with high-density magnetic array structure, it is not only interesting but technologically important to observe and understand the precessional motion in a confined magnetic structure in combination with the large-angle excitation. This issue has not been addressed so far due to the difficulty related to a systematic experimental condition. The present work investigates the effects of the confinement and the excitation amplitude on the spin precession of epitaxial MnAs film grown on GaAs͑001͒ substrate using an all-optical pump-probe method. The MnAs system is known to exhibit as a self-organized structure composed of periodically arranged stripes of ferromagnetic ␣-MnAs and nonferromagnetic ␤-MnAs, 18 where the stripe width of the ferromagnetic ␣-MnAs can be varied simply by varying the film temperature in the narrow temperature range from 10 to 45°C. 19 Therefore, the laterally confinement effect could be systematically studied together with the precession-angle effect using a single sample by simply varying the film temperature and pump fluence, which avoid cumbersome optical realignments of several samples having different lateral sizes. This well-controlled experimental situation enabled us to study the spin-precessional motion comprehensively by measuring the precession amplitude, the resonance frequency, and the spin-relaxation time depending on the lateral confinement and the precession angle. In this Rapid Communication, we report the dephasing in a photoinduced largeangle precession in confined ferromagnetic structures. MnAs film with a thickness of 500 nm was epitaxially grown on a GaAs͑001͒ substrate at 270°C by molecularbeam epitaxy. The detailed growth conditions and magnetic properties including the magnetic hysteresis curves and magnetic force microscopy ͑MFM͒ domain imaging are described elsewhere. 20 The MFM images show alternating magnetic and nonmagnetic stripes with a period of approximately 2.4 m for a 500-nm-thick film. 19 The period is not greatly affected as film temperature is increased, although the width of the ferromagnetic ␣-MnAs stripes decreases and that of the nonferromagnetic ␤-MnAs concomitantly increases.
A schematic of the experimental configuration is shown in Fig. 1 . A dc magnetic bias field H b of approximately 4.1 kOe was initially applied at ϳ13°͑␤͒ to tilt the magnetization vector maximally from the x axis in the xz plane. Due to competition among the bias field, the internal demagnetizing field, and the effective internal anisotropy field, the equilibrium position of the magnetization vector of the sample was tilted from the x axis in parallel to the MnAs ͓1120͔ axis. To observe the precession, the sample was excited by a laser pulse generated from a Ti:sapphire laser with a repetition rate of 82 MHz, an estimated pulse width of 30 fs, and a center wavelength of 800 nm. The pump laser pulse induces an effective magnetic field which thereby causes the spins to precess. 4 The probe beam was a frequency-doubled laser pulse with an average power of about 40 W. The laser spot size was ϳ2 m and ϳ8 m in diameter for the probe and pump beams, respectively: an objective lens with a numerical aperture of 0.25 was used. Therefore, the probe beam covers approximately one-stripe width, as illustrated by the dotted circle in Fig. 1͑b͒ . The magnetization was probed using the polar Kerr signal derived from the change in the polarization of the reflected probe beam using a balanced detection technique. The Kerr signal was recorded at 2 ps intervals. Figure 2͑a͒ shows the polar Kerr signals with time as a function of the film temperature T at a constant pump fluence of 0.37 mJ/ cm 2 . Spin-precessional components are also shown by curves after the phonon or magnon background is subtracted from the signal. Clear evidence for spin precession is found. Moreover, as T increases, the relaxation time of the precession clearly decreases, possibly due to the change in the ␣-MnAs stripe width with temperature. Figure  2͑b͒ shows the dependence of the photoinduced precession on the pump fluence at a temperature of 15°C. Noticeably, as the pump fluence increases, the relaxation time of the precession decreases whereas the excited amplitude of the precession angle increases. A possible cause for this reduction in the relaxation time comes from the large-angle precession at high pump fluence.
In order to investigate the precessional motion in detail, the initial amplitude A and the exponential decay time were extracted by fitting the amplitude envelope of the spinprecessional component with an equation of the form Ae −t/ . The envelope was defined by the absolute values of the successive local maxima and minima at every half precessional period. The fitting of the amplitude envelope proceeded from the maximum point of the envelope and stopped at the low signal point comparable to the noise level to minimize the influence of initial signal rise and final noise level as shown in Figs. 2͑a͒ and 2͑b͒. The value of determined in this way includes the effect of all spin waves existing at various frequencies in the confined structure. 10 The center resonance frequency f of the precession was obtained by a Fourier analysis of the data fitted with a single Gaussian function as shown in Figs. 2͑c͒ and 2͑d͒. Figure 3 shows the temperature and pump-fluence dependence of the relaxation time, the resonance frequency, and the initial amplitude normalized by saturation magnetization M s . The initial amplitude A is normalized by M s , as the photoinduced precessional amplitude arises from only the ferromagnetic ␣-MnAs stripe. The A / M s plot in Fig. 3͑a͒ shows that the angle of the spin precession increases as the temperature increases and thus the stripe width decreases. This can be understood by considering that the demagnetizing field along the z axis decreases due to the reduction in the stripe width, 21 thereby making the precession angle larger as if the effective magnetic field pulse is stronger. Large-angle precession seems to induce a change in the resonance frequency and relaxation time in the precessional motion. The pump fluence was considered as a direct means of controlling the amplitude of the photoinduced internal field pulse. As the pump fluence increases, Fig. 3͑b͒ shows that the A / M s increases linearly due to the increased internal field pulse. As a consequence, both the relaxation time and the resonance frequency decrease in a manner similar to the case of the stripe-width change. The change in the relaxation time at the large-angle precession is believed to stem from the spin-wave effect in the striped structure, as the intrinsic Gilbert damping constant is not dependent on the extrinsic precession angle in the Landau-Lifshitz-Gilbert equation. With- out the possible change in the damping constant in the situations of spin-polarized current 22 or sufficiently wide range of temperature, 23 damping at small-angle motion is believed to be similar to that at large-angle magnetization rotation. 2, 24 The data here does not show clear distinct peaks around the center resonance frequency, which generally appears in the case of spin-wave instability; 13, 14 this implies that dephasing among spin waves occurs to an extent great enough to change the apparent relaxation behavior.
For a clear understanding of the mechanism of the change in the spin-precessional motion, micromagnetic simulations using the object-oriented micromagnetic framework ͑OOMMF͒ ͑Ref. 25͒ were performed for various ␣-MnAs stripe widths and magnetic field pulse amplitudes H p . In the OOMMF simulation, the parameter values for the ␣-MnAs stripe were as follows: M s = 830 emu/ cc, absolute value of the gyromagnetic ratio ␥ 0 = 17.6 MHz/ Oe, and an exchange stiffness constant A ex = 17.7ϫ 10 −10 erg/ cm. 19 Regarding the ␤-MnAs stripe, the magnetization value was set to zero. To calculate the effect of change in the stripe width, it was initially necessary to determine the effective damping constant for the case of the linear regime, small-angle precession of a simple continuous film structure. We chose to consider the precessional signal measured at a low pump fluence of 0.12 mJ/ cm 2 and low film temperature of 10°C ͑not shown͒. A simulation that gave results similar to those of our experimental data showed that the effective damping constant was ϳ0.0166. Moreover, the effective anisotropy constant along the x axis was determined to be ϳ5.43 ϫ 10 5 J / m 3 , considering an effective anisotropy constant along the z axis of 1.7ϫ 10 5 J / m 3 measured from the torque magnetometer at room temperature. In the simulation of the striped structure, the actual stripe thickness was scaled down from 500 to 25 nm while maintaining the aspect ratio of the stripe period to its width at a given temperature, as with the experimental observations. With a cubic cell of volume ͑5 nm͒ 3 , the simulation was performed with a stripe period of 120 nm, a lateral length of 5 m, and a thickness of 25 nm. We simulated eight pairs of ␣-MnAs and ␤-MnAs stripes. A multistripe pattern is essential to calculate the demagnetizing fields accurately. However, increasing the number of stripes required a decrease in the stripe period due to our limited computing resources. We carried out simulations with the stripe widths corresponding to a temperature range between 10 and 35°C. Above 40°C, the width of the ␣-MnAs stripe becomes less than 10 nm, which is too small, compared to the micromagnetic cell size for a reliable simulation. Note that the simulations were carried out at absolute zero temperature and with a single value of the damping parameter ͑␣ = 0.0166͒. The effect of the temperature was only considered through change in the stripe width.
The open symbol in Fig. 3͑a͒ shows the temperature dependences of the relaxation time, the resonance frequency, and the initial amplitude as normalized by M s , obtained from the simulations. Simulation results with temperature are generally in good agreement with the experimental fitting curves of and A / M s . In Fig. 3͑b͒ , the amplitude of the magnetic field pulse was linearly scaled to the pump fluence to match the experimental fitting curves of and A / M s . It can be seen that the trends of and A / M s with the pump fluence are also in good agreement. Considering the simulation using a single value of ␣, the reduction in the relaxation time in the striped structure originates from spin waves mainly generated by large-angle precession, corresponding to the large value of A / M s .
One could notice that the simulated f values representing the calculated total internal field are deviated from the experimental fitting curves at high T or large H p , although the trends are similar. The values at low T and small H p are well matched because the simulation parameters were determined at low T and small H p . The discrepancy at high T might occur from the eight pairs of ␣-MnAs and ␤-MnAs stripes adopted in the simulation, which results in the smaller internal demagnetizing field compared to the actual sample having a large number of stripes. The discrepancy becomes more distinct with increasing T since the aspect ratio of a single ␣-MnAs stripe changes more with increasing T. On the other hand, the discrepancy occurred at high H p between the simulation and the experiment is ascribed to the larger perturbation of total internal field in the simulation compared to the local excitation induced by a laser pulse in the experiment. Furthermore, this might be coupled to the effect of local heat accumulation by the laser pulse. Considering the fact that the magnetization ratio of the MnAs film is sensitively changed with temperature, we could estimate the effect of the heat accumulation by analyzing the magnetization ratio in the Kerr hysteresis loop with the pump fluence. An increase in the actual film temperature is estimated to be 2°C at 0.37 mJ/ cm 2 and 10°C at 1.19 mJ/ cm 2 . This heat accumulation could be a reason for the increase in the relaxation time of the small-angle precession from 0.12 to 0.37 mJ/ cm 2 .
14 Therefore, we could understand the discrepancy between the experimental fitting curves with increasing the pump fluence and the simulation data with increasing H p .
To investigate the effect of the large-angle precession on the resonance frequency, the dependence of the resonance frequency on the angle between the z axis and the magnetization vector was calculated using the following equation:
where
Here, N x and N z are the demagnetizing factors along the x and z axes, respectively, and K x and K z are the anisotropy constants along the x and z axes, respectively. Simultaneously, the equilibrium position of denoted by 0 was calculated from the equilibrium condition as follows: Figure 4͑a͒ shows the calculated resonance frequency and the equilibrium position for various values of N z . N z shown in the figure is derived from the stripe width of ␣-MnAs, which is dependent on the film temperature. As N z decreases, i.e., as the temperature increases, the resonance frequency at 0 shifts to a lower value. This explains the frequency downshift observed at a high-T value, as shown in Fig. 3͑a͒ . From Fig. 4͑a͒ , it is likely that the average value of the resonance frequency becomes lower as T increases and correspondingly N z decreases, because the photoinduced maximum angle change ⌬ of the magnetization vector increases. The generation and relaxation of the large-angle precession makes the resonance frequency vary with time appreciably, resulting in the broadening of the spectrum, as denoted with the length of the arrow ⌬ in Fig. 4͑a͒ . This can cause dephasing from the incoherent precessional motion among their different resonance frequencies.
In addition, dephasing among various spin-wave modes existing in the broadband spectrum results in a reduction in the relaxation time. Given that a reduction in and f in the large-angle precession also occurred after increasing only fluence at a constant lateral stripe width, vertical thickness confinement appears to play a significant role in the generation of nonuniform perpendicular spin-wave or magnetostatic wave modes over the observed sample area. Figure  4͑b͒ shows the simulated time-evolved change in the normalized length M of the magnetization vector averaged over the eight pairs of ␣-MnAs and ␤-MnAs stripes. Here, the reduction in M in the case of a high-T value or a high-field pulse verifies the generation and dephasing of the nonuniform spin waves.
In summary, the confinement and the excitation amplitude effect on spin precession was investigated systematically, revealing the dephasing in a photoinduced large-angle precession in confined ferromagnetic structures. Micromagnetic simulation results showed the trends of the relaxation time, the resonance frequency, and the precession amplitude similar to the experimental observations, despite the fact that a single Gilbert damping constant was used. This demonstrates that only the change in stripe width induces large-angle precession, which could be applied for selective spin switching controlled by a local structural change. FIG. 4 . ͑Color online͒ ͑a͒ Theoretical resonance frequency as a function of the angle between the z axis and the magnetization vector. The decrease in N z reflects the change in the stripe width of ␣-MnAs as the temperature is increased. The equilibrium position of is denoted by 0 ͑asterisk͒. The arrows schematically indicate the movement of with the pump fluence. The maximum change is represented by the length of the arrow and is denoted by ⌬. ͑b͒ Simulated evolution of the normalized length M of the average magnetization vector of the MnAs stripes for three cases of low T, high T, and high-field pulse.
